To characterize progressive changes of retinal ganglion cell (RGC) function and intraocular pressure (IOP) in the DBA/2J mouse model of spontaneous glaucoma. METHODS. Serial pattern electroretinograms (PERGs) and IOPs measures were obtained from both eyes of 32 anesthetized DBA/2J mice over an age range of 2 to 12 months at 1-month intervals. Cone-driven flash-ERGs (FERGs) were also recorded. The endpoint was defined as the age at which the PERG amplitude reached the noise level in at least one eye. At that point, both eyes were histologically processed to evaluate the thickness of the retinal fiber layer (RNFL). RESULTS. IOP increased moderately between 2 and 6 months (ϳ14 -17 mm Hg) and then more steeply, until it leveled off at approximately 28 mm Hg by 9 to 11 months. The mean PERG amplitude decreased progressively after 3 months of age to reach the noise level (85% reduction of normal amplitude) at approximately 9 to 12 months in different animals. When the PERG was at noise level, the RNFL showed a relatively smaller reduction (40%) in normal thickness. The FERG displayed minor changes throughout the observation period. IOP and PERG changes were highly correlated (r 2 ϭ 0.51, P Ͻ 0.001).
G laucoma is a progressive neurodegenerative disease of retinal ganglion cells (RGCs) that represents the second most prevalent cause of blindness worldwide. [1] [2] [3] Although elevated intraocular pressure (IOP) is considered to be one of the major risk factors for development and progression of glaucoma, 4 many other factors are known to contribute to the complex nature of the disease. [5] [6] [7] [8] [9] [10] Knowledge gained in the biological basis of glaucomatous neurodegeneration by using mouse models 7,9,11-14 may yield to specific neuroprotective treatments that are also relevant for other degenerative diseases of the central nervous system. [15] [16] [17] The inbred DBA/2J mouse strain is a well-established model of spontaneously elevated IOP, progressive glaucomatous loss of RGCs, and optic disc excavation, which represent the hallmarks of glaucoma. 7,18 -20 Photoreceptor, horizontal, and bipolar cells remain histologically intact. 21, 22 DBA/2J mice develop iris atrophy and pigment dispersion due to mutations of two genes, Gpnmb and Tyrp1. 23 The iris disease is visible at 6 months, progresses with age, and is associated with increased IOP. 20, 24, 25 Young (2-3-month-old) DBA/2J mice have normal IOP and normal histologic appearance of RGCs and optic nerve. 19, 20 RGC and optic nerve degeneration is first apparent between 8 and 9 months of age. 20, 26 By 18 months of age, approximately 90% of the optic nerves show advanced degeneration. 20 Little is known about the sequence of functional events associated with elevation of IOP and progressive degeneration of RGCs in DBA/2J mice. Surviving RGCs may not be functional. The lack of information on the natural history of RGC dysfunction represents a major limitation to the use of the DBA/2J mouse model. We noninvasively characterized the changes in RGC function and IOP in a longitudinal study of 32 DBA/2J mice (64 eyes) from 2 to 12 months of age at 1-month intervals. RGC function was quantified by means of the pattern electroretinogram (PERG). [27] [28] [29] IOP was measured with an induction-impact tonometer (Tonolab Colonial Medical Supply, Franconia, NH). 30, 31 The thickness of the retinal nerve fiber layer (RNFL) was measured from histologic sections of the optic nerve head in eyes with abolished PERGs. The results showed that, in DBA/2J mice, progressive RGC dysfunction precedes anatomic loss of RGC axons by at least 2 months. The time course of RGC dysfunction is strongly associated with that of progressive increase in IOP.
METHODS

Animals and Husbandry
A total of 32 DBA/2J female mice (n ϭ 64 eyes) of 2 months of age obtained by Jackson Laboratories (Bar Harbor, ME) were longitudinally tested. Mice were aged in a cyclic light environment (12 hours 50 lux; 12 hours dark) and fed ad libitum. All animals were treated according to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. The experimental protocol was approved by the Animal Care and Use Committee of the University of Miami.
The Pattern Electroretinogram
Electrical activity in the retina associated with RGC function can be evaluated by means of the pattern electroretinogram (PERG). The PERG is typically obtained in response to contrast reversal of patterned visual stimuli (gratings, checkerboards), rather than uniform flashes of light. 32, 33 RGCs are necessary for PERG generation, since their selective loss after optic nerve transection in mammals abolishes the re- The publication costs of this article were defrayed in part by page charge payment. This article must therefore be marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
sponse. 27 The conventional flash ERG, which originates in the outer retina, is little or not affected. This crucial experiment has been successfully performed in several mammals including cat, 27, 34 monkey, 35, 36 rat, 37, 38 and mouse. 28, 39, 40 The inner retina origin of the mammalian PERG has also been confirmed by current-source analysis of intraretinal recordings. 41, 42 Further support for an RGC origin of the PERG is that the response amplitude is maximized when pattern stimuli have a spatial frequency that matches the size of the average RGC receptive field center in humans 43, 44 and mice. 29 For a given retinal eccentricity and stimulus area, the PERG amplitude to the peak spatial frequency is linearly proportional to the expected volume of RGCs. 45 An important distinguishing characteristic of the PERG is that, to be generated, it requires the physiological integrity of viable RGCs. The PERG amplitude can be reversibly reduced by intravitreal injections of tetrodotoxin, which blocks spiking activity in the inner retina. 46, 47 Short-term elevation of the IOP has the effect of reversibly reducing the PERG amplitude but not the flash-ERG. 48, 49 Altogether, these findings indicate that reduction in PERG amplitude may reflect both the reduced activity of dysfunctional yet viable RGCs and the lack of activity of lost RGCs. The PERG, therefore, may represent an important tool for detecting and monitoring the onset and the progression of RGC dysfunction in mouse models of glaucoma. The PERG, in addition, allows establishing retinal resolution and contrast threshold 28, 50 that have a counterpart in cortical visual acuity and contrast sensitivity. 51 Finally, the PERG stimulus can be precisely located on the retina, thereby allowing quantitative structure-function correlations for specific retinal regions, 45 as well as topological assessment of RGC losses in glaucomatous DBA/2J mice. 21 These PERG properties may therefore provide important information that can be used in characterizing glaucomatous disease and the effect of neuroprotective agents on retinal function.
PERG Recording
A detailed description of the PERG technique is reported elsewhere. 29 In brief, the recording electrode (0.25-mm diameter silver wire configured to a semicircular loop of 2-mm radius) was laid on the corneal surface by means of a micromanipulator and positioned in such a way as to encircle the undilated pupil without limiting the field of view. Reference and ground electrodes were stainless steel needles inserted under the skin of the scalp and tail, respectively. Positioning of the corneal electrode entailed minimal manipulation of the eye, which would otherwise induce cataract and preclude further PERG testing. 52, 53 A small drop of balanced saline maintained the cornea and lens in excellent conditions for the duration of recording. A visual stimulus of contrast-reversing bars (field area: 50°ϫ 58°; mean luminance 50 cd/m 2 ; spatial frequency: 0.05 cyc/deg, contrast: 98%; temporal frequency: 1 Hz) was aligned with the projection of the undilated pupil at a 20-cm distance. Eyes were not refracted for the viewing distance, because the mouse eye has a large depth of focus due to the pinhole pupil. 54, 55 Retinal signals were amplified (10,000-fold) and band-pass filtered (1-30 Hz). After body temperature was stabilized at 37.0°C, three consecutive responses to 600 contrast reversals each were recorded. The responses were superimposed to check for consistency and then averaged. To have an estimate of the residual noise, an additional recording was made in which the pattern contrast was set to 0. The PERG is a light-adapted response. To have a corresponding index of outer retina function, a light-adapted ERG (FERG) was also recorded with undilated pupils in response to strobe flashes of 20 cd/m 2 /s superimposed on a steady background light of 12 cd/m 2 and presented within a Ganzfeld bowl. Under these conditions, rod activity is largely suppressed while cone activity is minimally suppressed. 56 Averaged PERGs and FERGs were automatically analyzed to evaluate the peak-to-trough amplitude and peak latency of the positive wave (Fig. 1) . Separate analysis of positive and negative components of the PERG waveform was not performed because unambiguous recognition of these components was not possible in older mice with reduced signal. In mice in which the PERG had a relatively good signal-to-noise ratio, both the positive and negative waves were affected. The peakto-trough FERG amplitude showed little change throughout the study, on average. In individual eyes, we were unable to identify systematic changes in the FERG negative component, compared with the positive component. However, the peak-to-trough amplitude measurements we made included both the positive and the negative wave, so that any glaucoma-induced change in either component was reflected in the FERG. To evaluate relative PERG changes compared with FERG, we calculated individual PERG/FERG amplitude ratios.
IOP Measurement
IOP was measured with an induction-impact tonometer (Tonolab Colonial Medical Supply) 30 immediately after induction of general anesthesia (ϳ5 minutes). The tonometer was fixed in a vertical position to a support stand by means of clamps. The mouse was gently restrained by hand on an adjustable stand, and the eye was oriented in such a way as to align the probe tip with the optical axis of the eye at a 1-to 2-mm distance with a magnifier lamp. Six consecutive IOP readings were averaged. IOP readings obtained with Tonolab have been shown to be accurate and reproducible in different mouse strains, including DBA/2J. 31 The impact of the Tonolab probe on the cornea is minimal and does not cause either corneal damage or progressive changes in IOP, even after many repeated readings.
Protocol
The mice were weighed and anesthetized with IP injections (0.5-0.7 mL/kg) of a mixture of ketamine, 42.8 mg/mL; xylazine, 8.6 mg/mL; and acepromazine, 1.4 mg/mL. After IOP measurements in each eye, the mice were restrained in a modified stereotaxic apparatus that allowed unobstructed vision. 29, 51 The body of the mouse rested on a feedback-controlled heating pad able to maintain the body temperature at 37.0°C. Under these conditions the eyes of mice were naturally wide open and in a stable position, with undilated pupils pointing laterally and upwardly. A PERG and an FERG were recorded from the right eye. Additional anesthesia was given as needed, and a PERG and an FERG were recorded from the left eye. All IOP, PERG, and FERG recordings were made between 10 AM and 4 PM. After recording, the mice were allowed to recover on a heating pad and put back in their cages. The entire protocol required about 1 hour. IOP, PERG, and FERG recordings were repeated at every successive month until the PERG amplitude was reduced to the noise level in at least one eye (9 -12 months of age). Both eyes of mice reaching the endpoint PERG amplitude were carefully inspected for lens and corneal opacities, 25, 53 given additional dose of anesthesia, euthanatized by cervical dislocation, and the eyes processed for histologic measurements of the RNFL. Forty-one eyes of the initial 64 were analyzed at the PERG endpoint. For the remaining eyes, follow-up was truncated because of the premature death of the animal or development of cataracts that precluded further testing.
RNFL Thickness Measurement
The superior pole of the eyes was marked with an electrical cautery without perforating the cornea. Eyes were carefully enucleated avoiding traction on the optic nerves. Right eyes and left eyes were separately fixed overnight at 4°C in 4% paraformaldehyde in 0.1 M phosphate buffer at pH 7.4. The fixative was then replaced with 0.4% paraformaldehyde in 0.1 M phosphate buffer at pH 7.4 and stored at 4°C. 57 Fixed eyes were conventionally dehydrated in graded ethyl alcohols. Alcohol was then substituted with xylene and the eyes embedded in paraffin. Serial sections (8 m thick) through the optic nerve head were obtained maintaining the plane of cut parallel to the optical axis of the eye. Sections were stained with hematoxylin-eosin, bright-field imaged with an upright fluorescence microscope (BX51; Olympus, Melville, NY), and photographed (Qicam 12-bit Fast model 1394 camera; QImaging, Surrey, BC, Canada). Digital images were analyzed on computer (ImageJ 1.36b freeware available by ftp at zippy.nimh.nih.gov/ or at http://rsb.info.nih.gov/nih-image; developed IOVS, October 2007, Vol. 48, No. 10 Progressive RGC Dysfunction in DBA/2J Mice 4565
by Wayne Rasband, National Institutes of Health, Bethesda, MD), to measure the thickness of the RNFL at the boundary between retina and optic nerve (Fig. 1 ). The two sections at which the optic nerve had maximum size were selected for measurements. Overall, four RNFL thicknesses per optic nerve head section (section 1: superior, inferior; section 2: superior, inferior) were measured and averaged to obtain a single entry. RNFL thicknesses of eyes reaching the PERG endpoint were compared with average RNFL thicknesses of independent groups of 2-month-old DBA/2J mice (n ϭ 5) and 16-month-old mice (n ϭ 5).
To account for interocular differences, RNFL data have been analyzed separately for eyes with worse PERG amplitude (first eye) and better PERG amplitude (second eye) at the endpoint. Since the number of axons entering the optic nerve is equal to the number of RGCs, RNFL thickness measurements in a given optic nerve head sector represents a specific index of both RGC and axon number originating from the corresponding retinal sector. In principle, for a given RNFL thickness the number of axons/RGCs could be calculated if axon density/diameter at the entrance of the optic nerve head were known. An approximate estimate of RNFL axon density might be obtained from axon densities reported for the retrobulbar portion of the optic nerve. 25, 58, 59 However, evaluation of the absolute number of axons from RNFL measurements may yield to ambiguous results since the RNFL becomes thicker as it approaches the optic nerve due to stratification of nerve fibers originating from different retinal eccentricities. RNFL thickness may be reduced due to either glaucomatous axon loss or increased distance from the optic nerve head. To avoid this uncertainty, we analyzed relative changes of RNFL thickness at a fixed optic nerve head location between mice of different ages. It was shown that relative changes in RNFL thickness in DBA/2J mice of different ages are in good agreement with corresponding changes of optic nerve axons. 20, 60 We focused on RNFL thickness measurements, rather than axon/RGC counts, for the potential advantages offered by noninvasive RNFL measurements obtained with imaging techniques such as optical coherence tomography (OCT) that are now available for the mouse (Ruggeri M, IOVS 2007;48:ARVO E-Abstract 1199). 61 Longitudinal evaluation of RGC function and RNFL thickness using PERG and OCT, respectively, represent powerful tools for neuroprotection studies of mouse glaucoma models. It should take into account, however, that RNFL thickness includes nonaxonal elements (i.e., glia, vessels) whose relative contribution may increase with increasing severity of glaucoma due to progressive axonal loss. 62 It is also possible that gliosis may replace axons, [63] [64] [65] [66] and show a thicker than expected residual RNFL thickness in advanced stages of glaucoma, where few RGC axons are expected to be present.
Statistical Treatment of Data
Data have been collected by performing repeated measures on the same mice over time. However, due to substantial attrition the loss of data, together with a reduction in sample size, increases with observation time. This loss may be associated with inhomogeneity of variance and departures from normality. To minimize these problems, we used a nonparametric statistical approach throughout the study (Spearman rank-order correlation; Kruskal-Wallis ANOVA; Mann-Whitney rank-sum test) for age-related effects. Right eyes and left eyes were analyzed separately.
RESULTS
Age-Related PERG Changes
Longitudinal changes in PERG and FERG amplitude and latency are summarized in Figure 2 . The major feature of Figure 2 is that, on average, PERG amplitude progressively decreases with age until it reaches the upper limit of the noise range at approximately 11 months of age. Age-related PERG amplitude changes are highly significant (Spearman [R s ] coefficient of correlation between amplitude and age, OD: R s ϭ Ϫ0.8, P Ͻ 
PERG-RNFL Relationship
At the PERG endpoint, the RNFL was relatively spared from thinning. In Figure 3 the mean RNFL thickness of eyes with relatively smaller and higher PERG amplitude at the endpoint is compared with that of preglaucomatous 2-month-old mice as well as with that of 16-month-old mice with advanced glaucoma. At the PERG endpoint, the mean RNFL thickness was reduced in either eye, when compared with the thickness in 2-month-old mice (first eyes: Ϫ41.5%, P Ͻ 0.001; second eyes: Ϫ36.8%, P Ͻ 0.001) but still much thicker than that of 16-month-old mice (first eyes: ϩ127.4%, P Ͻ 0.001; second eyes: ϩ145.8%, P Ͻ 0.001). Figure 4 compares average PERG amplitude changes with average RNFL thicknesses (both eyes) on a normalized scale. Previous cross-sectional data from Libby et al. 20 and Anderson et al. 60 (Simon John's laboratory) in mice of different ages have been combined and included in Figure 4 to make a comparison between PERG, RNFL thickness, and axon counts of optic nerves. An approximate axon count evaluation was possible, because Libby et al. 20 graded severity of optic nerve damage in a large population of DBA/2J mice, and Anderson et al. 60 reported the mean axon count for each severity grade. The major features of Figure 4 are that (1) relative changes of RNFL thickness with age were in very good agreement with corresponding changes in axon counts in the optic nerve, and that 
FIGURE 3.
Residual RNFL thickness at the PERG endpoint. By the time the PERG was at noise level in at least one eye (age range, 9 -12 months) the RNFL had lost ϳ40% of normal thickness (2-month-old mice) but was still much thicker (ϳ135%) than that in 16-month-old mice with advanced glaucoma. RNFL data have been analyzed separately for eyes with worse PERG amplitude (first eye) and better PERG amplitude (second eye) at the endpoint.
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(2) loss of RNFL thickness/axon number lagged behind loss of PERG amplitude by approximately 3 months, on average. By 8 months of age, when the PERG amplitude had lost approximately 50% of its initial value, the number of optic nerve axons was still unchanged. 20, 60 By 11 months of age, when the PERG had already reached the noise level in many eyes, RNFL thickness/axon number was decreased by approximately 50% only. There was a small overlap between SD bars of PERG amplitude in the endpoint range (9 -12 months) and RNFL thickness at the PERG endpoint.
PERG-IOP Relationship
Longitudinal changes in IOP are displayed in Figure 5 . Average PERG amplitude data shown in Figure 2A are also displayed for comparison. For IOP data, the y-axis corresponds to millimeters of mercury; for PERG data, the y-axis corresponds to microvolts. Note that IOP, on average, tended to increase over the entire age range tested. The increase in IOP was moderate between 2 (14 Ϯ 1.9 mm Hg) and 6 (17 Ϯ 2.9 mm Hg) months. After 6 months, there was an acceleration of age-related IOP increase. IOP tended to level off between 25 and 30 mm Hg at 9 and 11 months of age. Age-related IOP changes are highly significant (Spearman coefficient of correlation between IOP and age, OD: R s ϭ 0.77, P Ͻ 0.0001; OS: R s ϭ 0.745, P Ͻ 0.0001). By 3 months in the right eyes and by 5 months in the left eyes, IOP was significantly higher than that in 2-month-old mice (Mann-Whitney rank sum test, P Ͻ 0.05). Also note the good association between the time course of IOP increase and PERG amplitude decrease, except for older ages, at which the PERG is close to the noise level.
In Figure 6 PERG amplitudes in both eyes have been plotted against corresponding IOP values. As predicted from Figure 5 , PERG amplitude changes as a function of IOP were not linear (Fig. 6A) . To linearize PERG changes, PERG amplitudes were plotted on a log scale and the data fitted with a linear regression (Fig. 6B) . It can be noted that the correlation between PERG amplitude and IOP is reasonably good: log(amplitude) ϭ 1.48 Ϫ0.036 ϫ IOP; r 2 ϭ 0.51, P Ͻ 0.001. As shown in Figures  6A and 6B , PERG amplitude decreased as a function of IOP increase even in the IOP range of 10 to 20 mm Hg, which is considered the range of normal-tension glaucoma in human. 67 For IOPs of 30 mm Hg and higher, the PERG amplitude was in the noise range. The FERG amplitude did not show significant correlation with IOP (data not shown).
DISCUSSION
The main results of this study are that progressive RGC dysfunction precedes loss of RNFL thickness and progressive RGC dysfunction is closely associated with progressive increase in IOP.
RGC Dysfunction Preceding Loss of RNFL Thickness
Loss of RNFL thickness is comparable to loss of optic nerve axons, which lags behind loss of PERG amplitude by approximately 3 months on average. This represents approximately one tenth of the mouse's lifespan. 68 If results obtained in the mouse model were extrapolated to human glaucoma, then one tenth of a lifespan would represents a time window wide enough to offer the opportunity of detecting RGC dysfunction and treating the condition before irreversible RGC death. Although the survival time of dysfunctional RGCs in early human glaucoma is not known, recent results have shown that PERG amplitude losses are relatively larger than RNFL losses measured by OCT, 69 and that PERG amplitude losses in early glaucoma can be at least in part restored by lowering IOP with eye drops. 70 Altogether, these results suggest that anatomic loss of RNFL thickness is preceded by a sizable period of RGC dysfunction that is potentially reversible.
By 8 months of age, when the PERG amplitude has lost approximately 50% of its initial value, the number of optic nerve axons is still unchanged. 20 In fact, clear signs of RGCs undergoing apoptotic death are first detected at 8 to 9 months of age with both TUNEL and annexin-V staining. 71, 72 Preapoptotic anatomic alterations such as truncated or misdirected dendrites, shrunken somata, abnormal accumulation of neurofilaments, and thin axons have been demonstrated in surviving RGCs of DBA/2J mice. 21 These observations suggest that generalized neuropathy may precede RGC death. In addition, the number of RGCs labeled by retrograde transport of marked Figure 2A (bottom trace) are also displayed for comparison. For IOP data, the y-axis corresponds to mm Hg; for PERG data, the y-axis corresponds to V. Note that the close association between IOP increase and PERG amplitude decrease.
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IOVS, October 2007, Vol. 48, No. 10 compounds injected into the superior colliculus may decrease, even before 8 to 9 months of age in DBA/2J mice. 21, 73, 74 This suggests that failure of axonal transport may precede RGC death. In primate experimental glaucoma, Weber and Harmon 75 demonstrated, using intracellular recording and staining techniques in isolated retinas, that RGCs are less responsive, both spatially and temporally, to visual stimuli. The authors concluded that the reduction in visual responsiveness most likely results from significant changes in dendritic architecture, which affects their level of innervation by more distal retinal neurons. PERG alterations in mice aged 4 to 8 months, therefore, may represent reduction of RGC responsiveness associated with any or all the above preapoptotic abnormalities of RGCs and their axons. An additional possibility for PERG amplitude reduction might be associated with the failure of the nonneural support system that results from glial activation 73,76 -78 or retinal ischemia. 74, 78 In fact, Müller cells are believed to contribute to PERG generation, 42, 79, 80 and retinal ischemia impairs the PERG. 48, 81 Finally, PERG amplitude reduction may result from nonspecific causes such as defocus and corneal/lens opacities that reduce stimulus contrast 53 or nonglaucomatous age-related retinal degeneration. These causes seem unlikely, however. Corneal and lens opacities were checked with suitable magnification (ϫ25) during each recording and at the endpoint. At the level of light anesthesia used for our noninvasive protocol, lens opacities represented an occasional occurrence; eyes with cataracts or corneal opacities invading the pupil area were excluded from the analysis. The pupils remained undilated, which assured an adequate depth of focus. 54, 55 Previous work has shown that PERGs 28 and pattern VEPs 51 are not modified by trial lenses of Ϯ10 spherical diopters placed before the eyes. Older animals had slightly enlarged pupils compared with the young ones. This difference may reduce the depth of focus as well as the optical quality of the eye, 82, 83 eventually causing reduction of image contrast at the retinal level and may result in an exaggerated reduction of PERG amplitude with age. However, mouse eyes have a very large depth of focus, even when pupils are artificially dilated. 82 Imposed amounts of spherical defocus do not alter optical image significantly. 83 In contrast, an enlarged pupil results in greater retinal illuminance and associated increase of PERG amplitude (Porciatti et al. IOVS 2005; 46 :ARVO E-Abstract 2705) that tends to counteract the effects of reduction of image contrast. Altogether, optical factors are unlikely to be responsible for the age-related effects on PERG in DBA/2J mice. Nonspecific, age-related PERG changes could also be excluded since previous work has shown that congenic controls (wild-type for the Gpnmb mutation) of 10. 
RGC Dysfunction Associated with Increased IOP
Progressive loss of RGC function is closely associated with a progressive increase in IOP. This is also true in the 14 to 20 mm Hg IOP range, which represents the range of normal tension glaucoma in humans. 84 Moderate, progressive IOP increase in DBA/2J mice aged 2 to 6 months has been also shown by other laboratories in a longitudinal evaluation with a handheld corneal applanation tonometer (Tonopen; Medtronic Xomed, Jacksonville, FL) 25, 77 as well as in a cross-sectional evaluation using a corneal induction-impact tonometer identical with that used in the present study. 24 Noninvasive corneal inductionimpact tonometry yields reliable IOP measurements that correlate very well with induced IOP changes obtained by cannulation of the anterior chamber in mouse eyes, in vivo and ex vivo. 31, 85 It is possible that the absolute IOPs we measured under ketamine-xylazine anesthesia are somewhat lower than those occurring in nonsedated mice. 86 The IOP-lowering effect of anesthesia, however, is not expected in our protocol, in which IOP has been measured in a time window of up to 5 minutes after anesthetic administration. [87] [88] [89] Progressive IOP increase in DBA/2J mice aged 2 to 6 months might be related to the corneal thickening 25 and corneal calcifications 19, 25 reported in older DBA/2J mice that may result in changes in elastic properties of the cornea and spurious IOP readings. Corneal alterations, however, are unlikely to occur in mice aged 2 to 6 months. 19, 20 IOP readings from in vivo direct cannulation of the anterior chamber, which bypasses the cornea, are often higher in 6-month-old females compared to 2-month-old females. 19, 20 In the present study, only females were used.
That PERG amplitude changes are closely associated with IOP changes in both time-course and relative amount of change does not necessarily imply that IOP is the causal factor of RGC dysfunction. Different insults, including ischemia, excitotoxicity, axonal injury, glial activation, and autoimmunity, 9 may combine to impair RGC function in glaucoma. DBA/2J eyes have deficiencies in some aspects of immune response before dispersed pigment is evident, 24, 90 but there is no evidence of macrophage infiltration into the retina. 7, 78 Microarray analysis shows evidence of glial activation and immune-related response associated with IOP elevation. 77 Signs of ischemia have been reported in DBA/2J mice. 78 Treatments that target all these factors are generally effective in alleviating glaucomatous progression. These include treatments that do not alter IOP such as glial-derived neurotrophic factor (GDNF), 73 the Nmethyl-D-aspartate (NMDA) receptor blocker memantine, 74, 91 the ischemia protectant erythropoietin, 74 immune system reconstitution trough bone marrow transfer with cells that express wild-type, Gpnmb, 90 and IOP-lowering eye drop treatments. Altogether, these results suggest that IOP initiates or amplifies pathogenetic processes in RGCs that result in progressive reduction of electrical responsiveness and eventually apoptotic death. That IOP exacerbates existing RGC dysfunction is clearly shown by recent results obtained by our group (Nagaraju M et al. IOVS 2007;48:ARVO E-Abstract 212). IOP can be temporarily and reversibly increased by changes in the body posture in mice due to increase of the episcleral venous pressure. 92 In DBA/2J mice aged 3 to 10 months, the head-down position (60°) results in an IOP increase of approximately 35%. Artificial IOP elevation does not modify PERG amplitudes in 3-month-old mice, but induces marked PERG reductions in older mice. Finally, artificially decreasing IOP to normal values in 11-month-old mice partially restores PERG amplitude (Nagaraju M et al. IOVS 2007;48:ARVO E-Abstract 212). It remains to be established whether chronic IOP-lowering treatment alters the time course of PERG reduction in parallel with that of RGC death. Such a determination would represent strong proof that PERG alteration represents an early predictor of impending cell death.
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CONCLUSIONS
In the DBA/2J mouse model of glaucoma, RGCs undergo a prolonged stage of progressive dysfunction that seems to precede loss of RGC axons. IOP elevation appears to initiate or amplify RGC distress resulting from a variety of other insults. These results have important implications for human glaucoma. Systematic neuroprotection studies using the DBA/2J mouse model as a template would benefit from the inclusion of PERG endpoints, since rescued RGCs may not be functional.
